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The trabecular and cortical compartments of bone each contributes to bone strength. Until recently, assessment of trabecular
and cortical microstructure has required a bone biopsy. Now, trabecular and cortical microstructure of peripheral bone sites
can be determined noninvasively using high-resolution peripheral quantitative computed tomography (HR-pQCT). Studies that
have used HR-pQCT to evaluate cohorts of both men and women have provided novel insights into the changes in bone
microarchitecture that occur with age between the sexes, which may help to explain the lower fracture incidence in older men
relative to women. This review will highlight observations from these studies on both the sex- and age-related diﬀerences in
trabecular and cortical microstructure that may underlie the diﬀerences in bone strength, and thereby fracture risk, between men
and women.
1.Introduction
High-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) is a novel imaging modality that noninva-
sively assesses trabecular and cortical bone microstructure
at the distal radius and tibia [1, 2]. Although areal bone
mineral density (aBMD), as assessed by dual-energy X-
ray absorptiometry (DXA), remains an important predictor
of fractures, DXA technology is nevertheless limited in
its inability to measure the trabecular and cortical bone
compartments separately, each of which contributes to bone
strength [3]. The ability to assess these compartments may
help improve fracture prediction in men and women. Until
recently, assessment of trabecular and cortical microstruc-
ture has required a bone biopsy. With the development and
subsequent validation of HR-pQCT [1, 4–7], trabecular and
cortical microstructure of peripheral bone sites can now be
determined noninvasively and is thus more amenable for
clinical study. Indeed, there are a growing number of studies
that have now used HR-pQCT to evaluate relatively large
cohorts of men and women. The ﬁndings from these studies
have provided important advances to our understanding
of the age-related changes in bone microarchitecture that
occur, which may in turn help to explain the lower fracture
incidence observed in aging men relative to aging women.
2. High-Resolution Peripheral Quantitative
Computed Tomography
2.1. HR-pQCT Imaging and Processing. Bone histomor-
phometry from iliac crest bone biopsies provided invaluable
two-dimensional information on bone microarchitecture
[9], but the use of bone biopsies in clinical studies was2 Journal of Osteoporosis
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Figure 1: (a) Radiograph showing the site of imaging by HR-pQCT at the distal radius. The white line indicated the proximal level of the
joint space, and the red lines indicate the section of bone over which images are acquired. (b) Representative cross-sectional images from
the stack of CT slices. (c) Representative 3D image. Images were obtained using the initial prototype of the HR-pQCT scanner (Figure is
reprinted with permission from Khosla et al. [8] ©2006 American Society for Bone and Mineral Research).
limited due to its invasive nature and the inability to assess
a section of bone more than once. Furthermore, the three-
dimensional (3D) aspect of bone microarchitecture could
not be taken into account to fully understand its biomechan-
ical properties. Imaging modalities were thus developed that
could assess, noninvasively, the 3D bone microarchitecture
in vivo [1, 2] and this work led to the now commercially
available3DHR-pQCTscanner(XtremeCT,ScancoMedical
AG, Switzerland; voxel size 82µm) that can image the distal
radius and distal tibia of human subjects. The imaging
protocol provides not only an assessment of both trabecular
and cortical bone microstructure parameters, which will be
described in more detail below, but also total volumetric
BMD (vBMD, g/cm3) of the distal radius or tibia as well
as separate measures for trabecular and cortical vBMD. In
recent software updates, an assessment of cortical porosity
has become available [10] as well as an assessment of
bone strength at the radius and tibia determined through
microﬁnite element analysis (IPL v1.12, Scanco Medical
AG) although similar parameters can be derived from
the images independently from the built-in software [11].
Several additional trabecular and cortical microstructure
parameters are provided through the commercial software;
however, these novel parameters have not been as well
studied as those described below.
Imaging of the distal radius or tibia by HR-pQCT
involves a similar protocol with the acquisition of a 3D stack
of 110 high-resolution CT slices at either the distal end of
the radius (Figure 1(a)) or tibia, with an isotropic voxel size
and slice thickness of 82µm. The processing and analyses
of these images has been validated [4–7]. Figures 1(b) and
1(c) show representative cross-sectional scan slices and 3D
images, respectively, that can be obtained from HR-pQCT
imaging.
2.2. Assessment of Trabecular Parameters by HR-pQCT. Some
trabecular microstructure parameters assessed using HR-
pQCT are measured directly while others are derived. The
trabecular vBMD is determined directly, and then the
trabecular bone volume/total volume (BV/TV) is derived,
assuming a mineral density of fully mineralized bone of 1.2g
hydroxyapatite/cm3. Recognizing that individual trabeculae
would not be resolved at their correct thickness (∼100µm)
due to partial volume eﬀects, a thickness-independent
structure extraction is employed whereby 3D ridges (the
center points of the trabeculae) are detected in the gray-
level images [5]. Trabecular number (TbN, 1/mm) is then
taken as the inverse of the mean spacing of the ridges [6].
Then, in analogy with standard histomorphometry [12],
trabecular thickness (TbTh, mm) is calculated using the
formula TbTh = BV/TV ÷ TbN, and trabecular spacing or
separation (TbSp, mm) is calculated using the formula TbSp
= (1 − BV/TV) ÷ TbN. Validation studies show excellent
correlation(R ≥ 0.96,P<0.0001)fortheseparameterswhenJournal of Osteoporosis 3
compared with the gold-standard ex vivo microcomputed
tomography (µCT) technique [13].
2.3. Assessment of Cortical Parameters by HRp-QCT. The
cortex is segmented from the gray scale image with a
Gaussian ﬁlter and threshold [6]. Cortical vBMD (g/cm3)
bone cross-sectional area (CSA, mm2) and cortical cross-
sectional area (Ct CSA, mm2) are measured directly, and the
periosteal circumference calculated from the contour. Corti-
cal thickness (CtTh, mm) is then derived using the formula
CtTh = Ct CSA ÷ circumference. Excellent correlation has
been shown for CtTh measurements with HR-pQCT versus
µCT [7].
3.Bone Microarchitectureby HR-pQCT inMen
Recent studies that have assessed both men and women
using HR-pQCT have led to important insights into the
sex- and age-related diﬀerences in bone microarchitecture.
Greater bone strength in men than women is, in part,
r e l a t e dt ol a r g e rb o n es i z eo fm e n .H o w e v e r ,d i ﬀerences
between the sexes with respect to both the trabecular and
cortical compartments of bone may also contribute to their
diﬀerences in bone strength and fracture risk.
3.1.DiﬀerencesinBoneMicroarchitectureinYoungMenversus
Young Women. Khosla et al. [8] ﬁrst reported on the bone
microarchitecture by HR-pQCT in both men and women.
Using the initial prototype of the HR-pQCT scanner, the
distal radius was imaged in 278 men and 324 women (ages
of 21–97 years), who represented an age-stratiﬁed, random
sample of the Rochester, MN community adults [8]. Relative
to young women age 20–29 years of age (n = 17), young
men of a similar age range (n = 19) had higher BV/TV and
greater TbTh but had similar TbN and TbSp [8]. Young men
alsohadgreaterboneCSA,butsimilarCtTh,whencompared
with young women [8].
Sode et al. [14] imaged both the distal radius and tibia
in 146 healthy volunteers (53 men and 93 women), aged
20–78 years. They found that young men (age 20–29 years)
had greater BV/TV and TbTh at both the distal radius and
tibia when compared with young women of the same age
range [14]. TbN and TbSp were not signiﬁcantly diﬀerent
between the sexes at the radius but were at the tibia [14].
Findings were thus similar to what was observed by Khosla
et al. at the radius. The tibia was not imaged in the study
by Khosla et al., but ﬁndings by Sode et al. suggested that
the sex-related diﬀerences in bone microarchitecture may
not be the same between the radius and tibia sites. Sode et
al. also noted substantial variations in trabecular parameters
within a cross-section of either the distal radius or tibia and
identiﬁed sex-speciﬁc subregional variations in trabecular
microstructure [14].
In a population-based study from Canada involving 202
men and 442 women (ages 20–99 years) where both the
distal radius and tibia were measured, MacDonald et al. [15]
reported that young men (age 20–29 years, N = 28) had
greater bone size, BV/TV and TbTh at the distal radius when
compared with young women of the same age range (N =
58), observations that were again similar to reports at the
same site by Khosla et al. and Sode et al. In contrast, they
observed that young men also had greater TbN and CtTh
than women [15]. At the distal tibia, young men again had
greater bone size, BV/TV, TbN and CtTh than women [15].
TbTh at the tibia was also slightly higher in men but did not
reach statistical signiﬁcance [15].
Interestingly, in a study involving almost 300 adolescent
boys and girls between the ages of 15–20 years who had
their distal tibia imaged byHR-pQCT, sex-related diﬀerences
were more apparent by the age of 17–20 years, with boys in
this age range having greater bone size, BV/TV and CtTh
relative to girls [16] .H o w e v e ri nt h i ss t u d y ,T b T hw a sn o t
signiﬁcantly diﬀerent between the sexes at any age, whereas
TbN was higher, while TbSp was lower, in boys than girls
at all ages [16]. However, a cross-sectional study by Wang
et al., involving almost 130 boys and girls ages 5–18 years,
found that BV/TV and TbTh increased more in boys than
girls over puberty at both the radius and tibia sites, while
TbN remained similar for both boys and girls [17]. Similarly,
inacross-sectionalstudybyKirmanietal.assessingthedistal
radius of 140 healthy boys and girls ages 6–21 years, BV/TV
andTbThalsoincreasedmoreinboysthangirlsoverpuberty
[11].TbNtransientlyincreasedinboysmorethangirlsacross
age but then became similar again in both sexes at more
mature ages [11].
Collectively, these studies conﬁrm that there are clear
bone microarchitectural diﬀerences apparent between young
men and women, particularly bone size, BV/TV and TbTh,
with these diﬀerences developing over puberty and appear-
ing to be established as early as late adolescence. These
studies also suggest that sex-related diﬀerences for some
parameters of bone microstructure may be site-speciﬁc.
Nevertheless, there was a lack of consistency among studies
on ﬁndings for some parameters, but they may reﬂect
imaging resolution issues or power limitations.
3.2. Age-Related Diﬀerencesin BoneMicroarchitecturein Men.
To date, studies reporting on the age-related diﬀerences in
bone microarchitecture in men and women have been cross-
sectional in nature. The determination of true age-related
changes in bone microarchitecture will require longitudinal
studies. Nevertheless, these cross-sectional studies do pro-
vide key information on diﬀerences in the trabecular and
cortical compartments of bone between young and old and
thus impart the most practical insights on structural changes
that may be related to aging in men and women.
In the study by Khosla et al., cross-sectional decreases
in BV/TV at the radius between the ages of 20 and 90
years were reported to be similar in men and women [8].
However, in contrast to women, where TbN decreased and
TbSp increased with age, there were little age-related changes
in these parameters in men [8]. On the other hand, TbTh
appeared to decrease to a greater extent in men than women
(P<0.01) [8]( Figure 2). These ﬁndings suggested that
the mechanism for loss in BV/TV with aging in men and
women may be diﬀerent, with loss of trabeculae being the
main factor in women but trabecular thinning being the4 Journal of Osteoporosis
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Figure 2: Representative reconstructions of high-resolution peripheral quantitative computed tomography images from young, middle-
aged, and elderly men (left) and women (right). Values for trabecular microstructural variables for each subject are also provided. The
arrow indicates the prominent plate-like trabeculae in the young man, which are less prominent or absent in the other images. Images were
obtained using the initial prototype of the HR-pQCT scanner. (Figure is reprinted with permission from Khosla et al. [8] ©2006 American
Society for Bone and Mineral Research).
mechanism for men. As decreases in TbN have been shown
to have greater impact on impairing bone strength compared
with decreases in TbTh [18], it was suggested that these
ﬁndings could explain the lower life-long fracture risk in
men relative to women. MacDonald et al. observed similar
ﬁndings as Khosla et al. at the distal radius [15]. However,
at the distal tibia, MacDonald et al. found that TbTh, TbN,
and TbSp changed to a similar extent in both men and
women with age [15]. The distal tibia was not assessed in
the study by Khosla et al. Patterns of trabecular loss may
thus vary by skeletal site. Sode et al. reported that age-related
diﬀerences in men and women were more prominent at
particular subregions of each bone [14]. On the other hand,
Dalzell et al. failed to see any signiﬁcant association between
trabecular microstructure parameters and age, at either the
distal radius or tibia, in their study involving 58 men and 74
women (ages 20–79 years) from the UK [19].
Khosla et al. reported that, in both men and women,
bone CSA increased with aging, but while the percentage
change was similar between men and women, older men
continued to have greater bone size than older women [8].
In contrast, CtTh decreased to a lesser extent in men than
women (−38% versus −52%, resp.; P = 0.001) [8]. The
greater bone size and thicker cortex thus confers a greater
biomechanical advantage for bones of elderly men compared
with elderly women [8]. In contrast to the trabecular
compartment,whereparametersshowedcross-sectionalage-
related declines before and after age 50 years, the cortical
parameters tended to remain stable until after age 50 years
when they then started to decline [8]. Dalzell et al. alsoJournal of Osteoporosis 5
identiﬁed that cortical thickness declined faster in women
than men after age 50 [19].
MacDonald et al. observed that cortical porosity in-
creased to a lesser extent in men than women with advancing
age [15]. However, cortical porosity appeared to be greater in
menthanwomenatallagerangesexceptattheeighthdecade
[15]. In a study involving 57 men and 94 women (age range
20–78 years), Burghardt et al. [20] reported similar observa-
tions,withmenhavinggreatercorticalporositythanwomen,
especially before age 30. Diﬀerences became attenuated in
those over the age of 50 years due to a 3-fold increase in cor-
tical porosity in women from age 20 to 60 years, with men
having an increase in cortical porosity of only 60% over the
same age range [20].
Based on observations from these cross-sectional studies,
men appear to have more trabecular thinning than drop-
out with increasing age, while women have both trabecular
thinning and dropout. Furthermore, men have greater bone
size than women across age and suﬀer less cortical thinning
than women with aging. Although men have greater cortical
porosity than women, it increases more in women than
men with age. Overall, these apparent age-related changes
in trabecular and cortical microstructure in men would thus
seem to confer less of an adverse eﬀect on bone strength and,
thereby, explain the lower fracture risk, in aging men when
compared with aging women.
4.Bone Microarchitectureby HR-pQCT
andFractureRisk in Men
To date, only the Structure of the Aging Men’s Bones
(STRAMBO) study has evaluated the relation between
prevalent fractures in men with bone microarchitecture
parameters from HR-pQCT [21, 22]. In a subset of men
from the STRAMBO cohort, 185 men (mean age, 71 years)
with a prevalent fracture and 185 men without fracture
had both the distal radius and tibia imaged by HR-pQCT
and had assessments of bone strength by ﬁnite element
analysis [21]. At both bone sites, CtTh, TbN, and TbSp
were signiﬁcantly worse in cases than controls, as was the
aBMDandvBMD[21].Bonestrengthparametersofstiﬀness
and failure load also were 8-9% lower in fracture cases
relative to controls (P<0.01) [21]. In a larger cohort from
STRAMBO, involving 920 men over the age of 50 years
who had HRpQCT measurements at the distal radius and
tibia, 98 men had a prevalent vertebral fracture, and 100
men had a prevalent peripheral fracture [22]. Again, almost
all bone microarchitecture parameters from HRpQCT scans
were worse in men with either vertebral or peripheral
fractures [22]. Following adjustment for aBMD, there were
no associations observed between bone microarchitecture
parameters and peripheral fractures, whereas cortical vBMD
and Ct Th at both the distal radius and tibia remained
lowerinmenwithvertebralfractures[22].Whetherthebone
microarchitecture parameters based on the radius or tibia
willbeabletopredictoverallorsite-speciﬁcfragilityfractures
in men prospectively remains to be determined.
Imaging studies using HR-pQCT of bone microarchi-
tecture among children at various stages of puberty also
have provided further understanding on the pathogenesis
of increased fractures in adolescence among both boys and
girls although ﬁndings are again limited by their cross-
sectional nature. In the study by Kirmani et al. [11], the
proportion of load borne by cortical bone and the ratio of
cortical to trabecular bone volume at the radius decreased
transiently during mid-to-late puberty in both sexes, with
apparent cortical porosity peaking during this time [11].
These ﬁndings appeared to mirror the incidence of distal
forearm fractures seen in boys and girls of this age group
[11]. Regional deﬁcits in cortical bone were thus suggested
to underlie the adolescent peak in forearm fractures [11], a
hypothesis that was also suggested by Wang et al. [17].
5. Conclusion
Although studies in men imaged by HR-pQCT are limited,
current ﬁndings have provided novel insights into the
sex- and age-related diﬀerences in trabecular and cortical
microstructure that underlie the diﬀerences in bone strength
a n df r a c t u r er i s ko b s e r v e di nm e nr e l a t i v et ow o m e n .N e v e r -
theless,thecross-sectionalnatureofstudiestodatedoeslimit
the ability to make deﬁnitive conclusions, and longitudinal
studies remain the ideal in order to best determine age-
related changes in bone microarchitecture and their relation
to fracture risk in both men and women.
Conﬂict of Interests
There are no conﬂict of interests with respect to this work.
Dr. Amin serves on a scientiﬁc advisory board for Merck &
Co, Inc.
Acknowledgment
This work was supported, in part, by research Grants
AR027065 and AG004875 from the National Institutes of
Health, U.S. Public Health Service.
References
[1] R. Muller, T. Hildebrand, and P. Ruegsegger, “Non-invasive
bone biopsy: a new method to analyse and display the three-
dimensional structure of trabecular bone,” Physics in Medicine
and Biology, vol. 39, no. 1, pp. 145–164, 1994.
[2] D. Ulrich, B. Rietbergen, A.Laib, and P. Ruegsegger, “Mechan-
icalanalysisofboneanditsmicroarchitecturebasedoninvivo
voxel images,” Technology and Health Care,v o l .6 ,n o .5 - 6 ,p p .
421–427, 1998.
[3] E. Seeman and P. D. Delmas, “Bone quality—the material and
structural basis of bone strength and fragility,” New England
Journal of Medicine, vol. 354, no. 21, pp. 2212–2261, 2006.
[4] R. M¨ uller, T. Hildebrand, H. J. H¨ auselmann, and P.
R¨ uegsegger, “In vivo reproducibility of three-dimensional
structural properties of noninvasive bone biopsies using 3D-
pQCT,” Journal of Bone and Mineral Research, vol. 11, no. 11,
pp. 1745–1750, 1996.6 Journal of Osteoporosis
[5] A. Laib, “Ridge number density: a new parameter for in vivo
bone structure analysis,” Bone, vol. 21, no. 6, pp. 541–546,
1997.
[6] A. Laib, H. J. Hauselmann, and P. Ruegsegger, “In vivo high
resolution 3D-QCT of the human forearm,” Technology and
Health Care, vol. 6, no. 5-6, pp. 329–337, 1998.
[7] J. A. MacNeil and S. K. Boyd, “Accuracy of high-resolution
peripheral quantitative computed tomography for measure-
ment of bone quality,” Medical Engineering and Physics, vol.
29, no. 10, pp. 1096–1105, 2007.
[8] S. Khosla, B. L. Riggs, E. J. Atkinson et al., “Eﬀects of sex
and age on bone microstructure at the ultradistal radius: a
population-based noninvasive in vivo assessment,” Journal of
Bone and Mineral Research, vol. 21, no. 1, pp. 124–131, 2006.
[ 9 ]A .M .P a r ﬁ t t ,C .H .E .M a t h e w s ,a n dA .B .V i l l a n u e v a ,
“Relationships between surface, volume, and thickness of iliac
trabecular bone in aging and in osteoporosis. Implications
for the microanatomic and cellular mechanisms of bone loss,”
Journal of Clinical Investigation, vol. 72, no. 4, pp. 1396–1409,
1983.
[10] A. J. Burghardt, H. R. Buie, A. Laib, S. Majumdar, and S.
K. Boyd, “Reproducibility of direct quantitative measures of
cortical bone microarchitecture of the distal radius and tibia
by HR-pQCT,” Bone, vol. 47, no. 3, pp. 519–528, 2010.
[11] S. Kirmani, D. Christen, G. H. Van Lenthe et al., “Bone
structure at the distal radius during adolescent growth,”
Journal of Bone and Mineral Research, vol. 24, no. 6, pp. 1033–
1042, 2009.
[ 1 2 ]A .M .P a r ﬁ t t ,M .K .D r e z n e r ,F .H .G l o r i e u xe ta l . ,“ B o n e
histomorphometry: standardization of nomenclature, sym-
bols, and units. Report of the ASBMR Histomorphometry
Nomenclature Committee,” Journal of Bone and Mineral
Research, vol. 2, no. 6, pp. 595–610, 1987.
[13] A. Laib and P. R¨ uegsegger, “Calibration of trabecular
bone structure measurements of in vivo three-dimensional
peripheral quantitative computed tomography with 28-µm-
resolution microcomputed tomography,” Bone,v o l .2 4 ,n o .1 ,
pp. 35–39, 1999.
[14] M. Sode, A. J. Burghardt, G. J. Kazakia, T. M. Link, and S.
Majumdar, “Regional variations of gender-speciﬁc and age-
related diﬀerences in trabecular bone structure of the distal
radius and tibia,” Bone, vol. 46, no. 6, pp. 1652–1660, 2010.
[15] H. M. MacDonald, K. K. Nishiyama, J. Kang, D. A. Hanley,
andS.K.Boyd,“Age-relatedpatternsoftrabecularandcortical
bone loss diﬀer between sexes and skeletal sites: a population-
based HR-pQCT study,” Journal of Bone and Mineral Research,
vol. 26, no. 1, pp. 50–62, 2011.
[16] M. Burrows, D. Liu, S. Moore, and H. McKay, “Bone
microstructureatthedistaltibiaprovidesastrengthadvantage
to males in late puberty: an HR-pQCT study,” Journal of Bone
and Mineral Research, vol. 25, no. 6, pp. 1423–1432, 2010.
[17] Q. Wang, X. F. Wang, S. Iuliano-Burns, A. Ghasem-Zadeh,
R. Zebaze, and E. Seeman, “Rapid growth produces transient
cortical weakness: a risk factor for metaphyseal fractures
during puberty,” Journal of Bone and Mineral Research, vol. 25,
no. 7, pp. 1521–1526, 2010.
[18] M. J. Silva and L. J. Gibson, “Modeling the mechanical behav-
ior of vertebral trabecular bone: eﬀects of age-related changes
in microstructure,” Bone, vol. 21, no. 2, pp. 191–199, 1997.
[19] N. Dalzell, S. Kaptoge, N. Morris et al., “Bone micro-
architecture and determinants of strength in the radius and
tibia: age-related changes in a population-based study of nor-
mal adults measured with high-resolution pQCT,” Osteoporo-
sis International, vol. 20, no. 10, pp. 1683–1694, 2009.
[20] A. J. Burghardt, G. J. Kazakia, S. Ramachandran, T. M. Link,
and S. Majumdar, “Age- and gender-related diﬀerences in
the geometric properties and biomechanical signiﬁcance of
intracortical porosity in the distal radius and tibia,” Journal of
Bone and Mineral Research, vol. 25, no. 5, pp. 983–993, 2010.
[21] N. Vilayphiou, S. Boutroy, P. Szulc et al., “Finite element
analysis performed on radius and tibia HR-pQCT images and
fragility fractures at all sites in men,” Journal of Bone and
Mineral Research, vol. 26, no. 5, pp. 965–973, 2011.
[22] P. Szulc, S. Boutroy, N. Vilayphiou, A. Chaitou, P. D. Delmas,
and R. Chapurlat, “Cross-sectional analysis of the association
between fragility fractures and bone microarchitecture in
older men: the STRAMBO study,” Journal of Bone and Mineral
Research, vol. 26, no. 6, pp. 1358–1367, 2011.